Limited proteolysis of 124 kdalton oat phytochrome in the Pfr form is described which leads to a photoreversible 39 kdalton fragment. Whereas the absorption maximum of the Pr form is only slightly shifted (from 667 to 660 nm) no long-wavelength band is observed in the Pfr form. A "bleached" (i.e. low absorbing) form appears instead with a broad absorption maximum at 640 nm. This property corresponds with that of a 40.3 kdalton fragment obtained from pea phytochrome by limited proteolysis (Yamamoto and Furuya, Plant and Cell Physiol. 24, 713, 1983). Dark reversion of the bleached form to the Pr form is faster (f1/2 -101 min) than dark reversion of 118 kdalton or 60 kdalton Pfr. Low temperature spectroscopy of the 39 kdalton fragment showed that the intermediates lumi-R and meta-Ra are formed like in intact phyto chrome or 60 kdalton or 114/118 kdalton fragments. It is discussed that limited proteolysis removed that part of the peptide chain which is responsible for the interaction with the Pfr chromophore but that the site for interaction with the chromophore of Pr and the intermediates lumi-R and meta-Ra is still intact.
Introduction
P h y to chrom e, the p h o to re c e p to r for m any photom orphoses in higher p lan ts, occurs in tw o form s which are m ainly characterized by th e ir absorption spectra [1] . T he Pr form w hich is biosynthesized in th e d ark and is believed to be physiologically inactive has its abso rp tio n m axim um at 667 nm . T he phys iologically active Pfr form which is form ed by irra d ia tion from th e Pr form has its ab so rp tio n m axim um at ab o u t 730 nm . T he position of the P fr absorption m axim um d epends on th e intactness of the protein: Xmax = 730-735 nm was found for native (124 kd) phy to ch rom e w hereas Xmax = 720-725 nm was found for partially d egraded (114/118 kd and 60 kd) ph y to chrom e [2] [3] [4] . Interestingly, lim ited proteolysis of Pfr can also lead to a partially d eg rad ed phytochrom e Abbreviations: ANS, 8-anilinonaphthalene-l-sulfonate; EDTA, ethylenediaminotetraacetate; Pr, Pfr, red and farred absorbing forms of phytochrome; P660, red (= 660 nm) absorbing form of 39 kdalton phytochrome; Pbl, bleached form of 39 kdalton phytochrome; lumi-R, meta-Ra, metaRb, meta-Rc, phytochrome intermediates; SDS, sodium dodecylsulfate.
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Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0341 -0382/85/0009 -0693 $01.30/0 form w ith Amax = 733 nm [5] th e size of w hich is 74 kd [6] . F u rth e r proteolysis of p ea p h y to ch ro m e yielded photo rev ersib le frag m en ts (40 k d alto n , 39 kdalton and 33 k d alto n ) w ith nearly n o rm al ab sorption spectra o f th e P r form b u t w ith very low ab so rp tio n (Xmax at ab o u t 650 nm ) after red irra d ia tion [7] . T hese bleach ed form s (P bl) w hich ap p e ar instead of Pfr resem ble th e b leach ed in te rm ed ia te m eta-R b on the pathw ay from P r to Pfr [8] [9] [10] . W e have d em o n strated th a t the ch ro m o p h o re in this bleached in term ed iate and in chem ically b leach ed form s is the 15(E) = (P fr) ch ro m o p h o re w ith o u t specific in teraction w ith the p ro tein [11 -13] . It is possible th at th e specific in teractio n b etw een P fr chro m o p h o re and p ro tein was lost in the 40 k d alto n fragm ent by cleavage of th e corresp o n d in g p ro tein p art. W hereas fo rm e r attem p ts to p rep a re p h o toreversible fragm ents sm aller th an 60 kdalto n from o at phytochrom e failed [14] we describe here p re p a ratio n and p ro p erties of a p h o to rev ersib le 39 k d alto n fragm ent from o at phyto ch ro m e.
Materials and Methods
N ative p hytochrom e (124 k d alto n ) was isolated from 3 days old o at seedlings (A ven a sativa L ., cv. Pirol, Bayw a, M unich) according to the m eth o d of V ierstra and Q uail [4] as m odified by E ilfeld and R üdiger [10] . T he isolated phytochrom e w as, accord ing to SDS gel electrophoresis [10] of at least 95% purity and h ad a m olecular w eight of 123 ± 2 k d al ton. T he A 661/A 28o ratio was 0.6 5 -0.7. This is less th a n the re p o rte d value of 0.9 2 -0.94 for pure 124 kdalton phytochrom e [4, 15] presum ably because our p rep a ra tio n show ed som e aggregation w hich caused increased absorbance preferentially at short w avelengths.
T he phytochrom e sam ple (1.36 mg = 1 1 nm ol) was dissolved in 1.7 ml 10 m M potassium p h osphate buf fer, pH 7.8, containing 1 m M E D T A and 7 m M mercapto eth an o l, irra d ia ted w ith 660 nm light (3 m in, 64 W m 2 [13] ) and incubated w ith 25 jig trypsin (from pig pancreas, 8 units/m g, M erck) at 25 °C u n d er green safelight for 30 m in. A t this tim e, the P fr peak has nearly d isap p eared in the absorption spectrum (c p . Fig. 1 ). T he proteolysis was then stopped by adding 400 (ig trypsin inhibitor (from soybean, 70 units/m g, B o eh rin g er, M annheim ). T he m ixture was incu b ated at 25 °C for 15 m in in o rd er to com plete form ation o f th e enzym e-inhibitor com plex, the last 6 m in th e re o f un d er far-red light in o rd e r to revert th e P bl com pletely to the P r form . T he m ixture was th en applied to a colum n ( 1 .8 x 8 0 cm ) filled with S ephadex G-100 (40-120 n, P harm acia F ine C hem i cals). T he colum n was w ashed w ith the incubation buffer (see above) at a flow -rate of 2.2 m l/h. F rac tions of 2 ml w ere collected and characterized by ab sorption spectroscopy and S D S-polyacrylam ide disk gel electrophoresis according to [10] b u t w ith 12% acrylam ide. G lycerol (10% v/v) was add ed to the sam ple used for low te m p e ra tu re spectroscopy. The sam ple was th e n co n cen trated by lyophylization to a final glycerol concen tratio n of 66% (v/v). 60 kdalto n phytochrom e for low te m p eratu re spec troscopy was isolated according to the p rocedu re of R ü d ig er eta l. [16] . 114/118 kdalton phytochrom e was o b ta in ed from 124 kdalton phytochrom e: crude hyd ro x y ap atite elu ate ( / l 667/y428o ~ 0.03, still containing end o g en eo u s p roteases) was stored in the P r form at 4 °C for 24 h. This m aterial was applied to a Bio-gel A -1.5 m colum n, yielding 114/118 kdalto n p h y to chrom e (Xmax (P fr) = 722 nm ; fu rth e r spectral p ro p e r ties see T able I) eluting at approxim ately the same volum e as 124 kdalton phytochrom e. Irrad iatio n at 660 or 730 nm , respectively for low tem p eratu re spectroscopy was perfo rm ed as previously described [10, 13] .
Results and Discussion
T he tim e course of proteolysis of Pfr (124 k d alto n ) can easily be follow ed by spectroscopy. T his co n trasts to proteolysis of P r w hich is accom panied by only m inor changes in th e ab so rp tio n spectrum [3, 7] , In Fig. 1 , a typical exam ple of th e spectral changes during digest of P fr is given. T h ese spectral changes shall be co rrela te d w ith th e fo rm atio n of definite species in th e follow ing section.
First, the ab so rp tio n m axim um of Pfr is shifted from 730 nm to 720 nm (Fig. 1, a -» b, c) . T his co r responds to th e fo rm atio n of a ch ro m o p h o re co n tain ing fragm ent w ith m ol. w eight 58 ± 2 k d alto n , w hich can be purified by gel filtratio n and ch aracterized by SDS gel electro p h o resis (n o t show n). Spectral prop- Fig. 1 . Changes of the absorption spectrum (5 cm cuvettes) of red irradiated phytochrome during digestion with tryp sin. 500 (j.g phytochrome (124 kdalton) in 15 ml of 10 mM potassium phosphate buffer, pH 7.8, were irradiated with red light (660 nm, 64 Wm2) for 3 min and then incubated with 80 jig (0.64 units) of trypsin at 22 °C. Absorption spectra were recorded at t = 0 (a), t = 6 min (b), / = 14 min (c), f = 35 min (d) and t = 70 min (e). erties are identical w ith the d ata re p o rte d for " sm all p h y to ch ro m e" (60 kdalton, Xmax = 720 nm in th e P fr form [3, 7] ). N o 114/118 kdalton p h ytochrom e could be d etected un d er the conditions applied. T his is in ag reem ent w ith the rep o rt on short tryptic digest by L agarias and M ercurio [17] , w ho o b ta in ed the 114 k d alton fragm ent from P r but p red o m in ately sm aller fragm ents from Pfr.
Second, prolonged incubation of Ptr w ith trypsin leads to a decrease of the abso rp tio n above 700 nm (Fig. 1, curve c -» e) . In this d eg rad atio n step a ch ro m o phore containing fragm ent w ith a m ol. w eight of 39 ± 2 kdalton is the m ain product. F or isolation of this product, fu rth e r proteolysis was sto p p ed by the addition of excess trypsin inhibitor. V arious isolation procedures w ere tested [18] . T he m ost effective procedure proved to be gel c h ro m atography on S ephadex G-100. F ractions w ith the highest w ere collected and investigated by SDS gel electrophoresis.
T he SDS gel electrophoresis of the purest fraction o b tain ed by using only small am o u n ts of trypsin and in h ib ito r is shown in Fig. 2 . Its absorption spectrum (Fig. 3) is identical in the visible range w ith the spec trum of a 40.3 kdalton fragm ent re p o rte d in [7] d e spite th e d ifferen t starting m aterial ( [7] : 114 k d alto n p ea p h y to ch ro m e P r form ; p resen t w ork: 124 k d alto n o at p h y to ch ro m e P fr form and different reaction co n d itio n s). T h e absorption m axim um is fo u n d at 660 nm afte r far-red irrad iatio n . T he spectrum o f this form (P 660 [7] ) differs from th at of native P r (^max = 667 nm ) b u t is sim ilar to th at of P r after binding of A N S (Xmax = 660 nm [13] or p artial d en a tu ratio n w ith u rea [19] ). W e assum e th at th e n o n-covalent binding sites of the ch ro m o p h o re are sim ilar in all cases b u t th a t th e rigidity of native Pr p ro tein is d e creased by eith er lim ited proteolysis, A N S binding or partial u rea d en a tu ratio n . This should lead to w eak er ch ro m o p h o re-p ro tein in teractio n , d etectab le by the shift from 667 to 660 nm.
T h e ab so rb an ce at 660 nm increased at p ro lo n g ed in cu b atio n (2 -7 h) in th e d ark due to d ark reversion of th e P bl form (see below ; curve a in Fig. 3 ). S hort irra d ia tio n w ith far-red light (730 nm ) decreased the ab so rp tio n by 15% (curve b in Fig. 3 ) b ecause a p h o to eq u ilib riu m b etw een P660 and som e b leached form (P bl) was established. M ost P bl was fo rm ed by sh o rt red irrad iatio n (660 nm , curve c in Fig. 3 ). S tarting w ith this P bl, the pho to eq u ilib riu m of curve b was reestab lish ed by 30 min irrad iatio n at 730 nm . W e conclude from these observations th at full p h o to reversibility exists betw een P660 and P b). This agrees with the p ro p ertie s of the 40.3 kdalton fragm en t from pea phytochrom e [7] . T he Pbl form show ed rapid d ark reversion to P660 (Fig. 4) . T his is responsible for the increase of A^o observed during proteolysis (Fig. 1, curve b -e). P ro longed incubation in the dark gives quantitative yield of P660 from Pbl (Fig. 4) . O n the contrary dark re v e r sion for 60 kdalton and 114/118 kdalton phytochrom e stops w hen a certain value of Pfr is reach ed [20] . O [21] [22] [23] . It had been suggested th a t only th e slow er com ponent (tV2 = 300-600 m in)
is tru e d ark reversion of Pfr w hereas the faster co m p o n en t (ty2 = 13-28 m in) is dark reversion of an in te rm ed ia te to P r [24] , It seem s th a t d ark reversion is accelerated by stepw ise degradation of p h y to ch ro m e; in sm all chrom opeptides [11] it is even faster th a n in the 39 kdalton fragm ent described here. This co rresp o n d s to increased stabilization of the P fr ch ro m o p h o re w ith increasing length, i.e. intactness o f th e p ro tein chain. M ore d etailed inform ation about the chrom o p h o re-p ro tein interaction can be o btained by studying th e photoconversion at low te m p eratu re . T h e ab so rp tio n difference spectra (Fig. 5) clearly show th a t th e first tw o interm ediates, lum i-R and m e ta-R a , occur upon red irradiation of P660 in the 39 k dalton fragm ent. A t higher te m p eratu re s, i.e. above -35 °C, only P bl is form ed, no species w ith ab so rp tio n m axim um above 700 nm can be o b served.
In T able I, spectral data of the interm ediates o f several p h ytochrom e species (39, 60, 114/118 and 124 k d alto n ) are com pared w ith each o th er. T he in te r m ediates lum i-R and m eta-R a are form ed in all species in ab o u t the sam e am ounts except for the 39 k dalton species which form s less lum i-R . A t higher te m p e ra tu re , all degraded phytochrom e species form P bl as in te rm ed ia te w hereas native phytochrom e form s m eta-R c instead [10] . Pbl is the final pro d u ct in the 39 kdalton species.
T hus we conclude th at the 39 kdalton fragm ent still contains all am ino acids which are responsible for the spectral prop erties of P^q, lum i-R and m eta-R a w hereas the ch ro m ophore-protein interactions a Formation for lumi-R is photoreversible for all species. b X2 = peaks of absorbance difference spectrum; A A! = normalized absorbance difference at Xl5 defined as absorb ance at Xj after saturating red irradiation minus absorbance at X! before irradiation, normalized to absorbance at 667 nm (Pr) or 660 nm (P66<xh respectively. c Increase of absorption partially arising from residual lumi-R. d Broad absorption peak. e Meta-Rc is found for 124 kdalton only. f No Pfr formed with 39 kdalton phytochrome at any temperatures.
for th e form ation of m eta-R c [10] and Pfr are d estro y ed. This could m ean eith er rem oval of th a t p art of th e polypeptide chain w hich exerts this interaction o r a change of the tertiary structure such th a t no in teraction occurs any m ore. This result supports th e assum ption [13, 25] th at the non-covalent ch ro m o phore binding site of the p ro tein is different in P fr from that in Pr (or P66o), lum i-R and m eta-R a.
T he ch rom ophore-protein interaction in Pfr le ad ing to the long-w avelength absorption (730 nm in 124 k d alto n phytochrom e, 720 nm in the 114/118 and 60 k d alto n fragm ents) also facilitates p h otoconversion. F ar-red irradiation yields P r above -45 °C b u t in te r m ediates below this te m p e ra tu re [10] . S tarting from Pbi, far-red irradiation yields P660 only above -25 °C b u t does not change th e absorption spectrum below this te m p eratu re . N o in term ed iate can be d etec ted at any te m p eratu re .
In sum m ary, P fr-specific ch ro m o p h o re-p ro tein in te ra ctio n seem s to have two functions: facilitating P fr fo rm atio n and its backw ard p h otoconversion. F u r th e r ex p erim en ts, especially sequence analysis, shall reveal which p art of th e polypeptide chain is resp o n sible fo r th e Pfr-specific ch ro m o p h o re-p ro tein in te r action.
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